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Abstract: Insulin-dependent diabetes mellitus (IDDM), also known as type 1 
diabetes, is an organ-specific autoimmune disease resulting from the destruc- 
tion of insulin-producing pancreatic p cells. The hypothesis that IDDM is an 
autoimmune disease has been considerably strengthened by the study of ani- 
mal models such as the BioBreeding (BB) rat and the nonobese diabetic (NOD) 
mouse, both of which spontaneously develop a diabetic syndrome similar to hu- 
man IDDM. p cell autoantigens, macrophages, dendritic cells, B lymphocytes, 
and T cells have been shown to be involved in the pathogenesis of autoimmune 
diabetes. Among the p cell autoantigens identified, glutamic acid decarboxy- 
lase (GAD) has been extensively studied and is the best characterized, p cell- 
specific suppression of GAD expression in NOD mice results in the prevention 
of IDDM. Macrophages and/or dendritic cells are the first cell types to infd- 
trate the pancreatic islets. Macrophages play an essential role in the develop- 
ment and activation of ^ cell-cytotoxic T cells. B lymphocytes play a role as 
antigen-presenting cells, and T cells have been shown to play a critical role as 
final effectors that kill p cells. Cytokines secreted by immunocytes, including 
macrophages and T cells, may regulate the direction of the immune response 
toward Thl or Th2 as well as cytotoxic elector cell or suppressor cell domi- 
nance, cells are destroyed by apoptosis through Fas-Fas ligand and TNF- 
TNF receptor interactions and by granzymes and perforin released from cyto- 
toxic effector T cells. Therefore, the activated macrophages and T cells, and 
cytokines secreted from these immunocytes, act synergistically to destroy p 
cells, resulting in the development of autoimmune IDDM. 
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INTRODUCTION 

The development of insulin-dependent diabetes mellitus (IDDM) results from the 
destruction of pancreatic p cells by a complicated and chronic pathogenic process of 
islet-specific autoimmune reactions. Studies on p-cell-specific autoimmtmity using 
two animal models of human IDDM, the nonobese diabetic (NOD) mouse and the 
BioB reeding (BB) rat, have greatly enhanced our understanding of the pathogenesis 
of autoimmune diabetes.' Cumulative evidence indicates that p-cell autoantigens, 
macrophages/dendritic cells, B lymphocytes, and T lymphocytes are clearly in- 
volved in the complicated pathogenic process of this disease. In this review, we dis- 
cuss the role of p-cell autoantigens and these immune cells in the pathogenesis of 
autoimmune IDDM, particularly the resiilts obtained from studies on NOD mice. 

ROLE OF P-CELL AUTOANTIGENS 

p-ceU autoantigens, which are the targets of autoimmime attack in IDDM, have 
proven difficult to identify. The specificity of circulating autoantibodies present in 
the sera of IDDM patients and diabetic animals has been investigated extensively. 
Over 20 years ago, Bbttazzo et alP" and MacCuish et al? first detected antibodies 
directed against the pancreatic islets. Since that time, many studies have revealed 
that islet cell antibodies are prevalent in patients with IDDM. It is known that periph- 
eral CD4''' T cells from prediabetic and early diabetic patients proliferate in response 
to islet autoantigens, which react with IDDM-associated autoantibodies. Autoanti- 
gens identified in humans, NOD mice, and BB rats include islet cell autoantigens, 
thought to possess the properties of sialic acid containing glycolipid; insulin; the in- 
sulin receptor; a 52-kD protein; a 69-kD protein, glutamic acid decarboxylase 
(GAD); IA-2, 37/40kD tryptic fragments of a 64-kD antigen (different from GAD); 
heat shock protein 65 (HSP65); carboxypeptidase H (CPH); the glucose transporter; 
and a 38-kD autoantigen.'^ The precise role that these autoantigens play in IDDM is 
not fully understood. Many different approaches have been attempted in order to 
study the role of p-cell autoantigens, particularly GAD and insulin, which are con- 
sidered to be the most important autoantigens in IDDM. 

GAD. It is believed that GAD is a major islet cell autoantigen; thus, GAD has 
been extensively. studied. In 1990 Baekkeskov et ai^ identified this 64-kD antigen 
in the pancreatic p cells of IDDM patients as glutamic acid decarboxylase, the bio- 
synthetic enzyme of the inhibitory neurotransmitter gamma-amino-butyric acid 
(GAB A). GAD is mainly localized to synap tic-like micro vesicles in p cells. In addi- 
tion to its presence in p cells, GAD is expressed in the testes, ovaries, thymus, stom- 
ach, and brain of mammals as well as in human pancreatic a, 6, and polypeptide 
producing (pp) cells. However, the role played by GAD in human IDDM remains un- 
known. To date, two distinct forms of GAD, GAD67 and GAD 65, have been identi- 
fied. These two forms of GAD are encoded by two different genes. The amino acid 
sequences of GAD67 and GAD65 are approximately 70% homologous. There is a 
strong variation in the expression of the two isoforms of GAD in the pancreatic islets 
depending on the species of animal examined.**'^ Both human and rat islets predom- 
inantly express GAD65, whereas GAD67 is predominantly expressed in mouse 
islets.^ 
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Immunization of NOD mice with purified GAD results in the tolerization of 
GAD-reactive T cells and blocks the development of T-cell responses to other p cell 
antigens, thus preventing insulitis and diabetes.**'^ In their 1993 study, Kaufman et 
al.^ stated that the initial immune response directed against pancreatic islets in NOD 
mice was a Thl response to a confined region of GAD (amino acids 509-528 and 
524-543), and later responses were directed against another region of GAD (amino 
acids 246-266) and other autoantigens, such as HSP65 and insulin. Although no 
GAD-reactive CDS"*" T cells have been isolated from NOD mice, GAD-reactive 
CD4"^ Thl cells isolated from diabetic NOD mice induced diabetes in NOD. severe 
combined immunodeficiency disease (scid) mice.*^ These residts suggest that GAD 
plays an important role in the pathogenesis of autoimmune diabetes. However, con- 
troversy surrounds the role played by GAD in the pathogenesis of IDDM. Chen et 
al.^^ have studied the reactivity of T ceUs to a GAD65-derived peptide, GAD65 res- 
idue 524-543, in NOD mice and two congenic NOD strains, B10.H-2S'' and 
NOD .66^*^''^'^*^*'. They demonstrated that the response to GAD65 524-543 was MHC 
class Il-restricted and that T-cell responses to GAD-derived peptides can be elicited 
in mice resistant to the development of spontaneous IDDM. Thus, Chen et al. sug- 
gested that peripheral tolerance to GAD is not associated with the prevention of di- 
abetes. To further investigate the role of GAD in the pathogenesis of IDDM, 
transgenic strategies have been used. The overall expression of GAD, after the clon- 
ing of GAD65 under the MHC class I promoter in NOD mice, accelerated the onset 
and increased the incidence of the disease.'^ In addition, transgenic NOD mice that 
express GAD65 in the p cells were established. One line, which showed high expres- 
sion of GAD65, showed a preventive effect on diabetes, but another line showed no 
difference from control NOD mice.'^ Therefore, the role of GAD remains imcertain. 
To determine the role of GAD, we selectively suppressed GAD expression in the p 
cells of diabetes-prone NOD mice and observed whether this resulted in the preven- 
tion of autoimmime IDDM. Our recent study showed that p ceU-specific suppression 
of GAD expression in two lines of antisense GAD transgenic mice resulted in the 
prevention of autoimmune diabetes, whereas any level of GAD expression in the p 
cells in other Unes of antisense GAD transgenic NOD mice resulted in the develop- 
ment of autoimmune diabetes, similar to that seen in transgene-negative NOD 
mice.*^ These results indicate that GAD may be a triggering autoantigen in the de- 
velopment of autoimmune IDDM in NOD mice. 

Insulin. Insulin is a logical candidate for an autoantigen of IDDM, because insu- 
lin is the only known p-cell-specific antigen related to IDDM. It has been reported 
that the oral intake of insulin retards disease progression in the NOD mouse as a re- 
sult of the induction of immunoregulatory T cells. *^ In addition, the intrathymic in- 
jection or the subcutaneous or intranasal administration of the insulin B chain in 
NOD mice prevents diabetes. Metabolically inactive insulin obtained by changing 
one amino acid in the B chain also has a preventive effect. Insulin B chain-specific 
CD4"^ T ceU clones identified in NOD mice accelerate diabetes in young NOD mice 
and adoptively transfer the disease in NOD..vc/rf mice.^^ Regulatory T cells reactive 
to insulin have been isolated and shown to have a preventive effect in NOD mice. 
More recently, a diabetogenic CDS"*" T cell clone, which causes diabetes in neonatal 
NOD mice, was found to recognize insulin B chain amino acids 15-23.*** These re- 
sults indicate that insulin plays an important role as an autoantigen in IDDM in NOD 
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mice. Anti-insulin antibodies (I A As) have been detected in more than 59% of pa- 
tients diagnosed with late preclinical/recent onset IDDM. However, the pathogenic 
role of I A As and insulin-reactive T cells needs further investigation. There is an in- 
teresting report that examines cross-reactivity between insulin and the islet-ex- 
pressed retroviral antigen p73.^^ However, the role of this cross-reactivity in the 
pathogenesis of autoimmune IDDM is not known. 

38-kD Antigen, Anti-38-kD autoantibodies were originally identified in himian 
diabetic sera. Roep et ai^^ identified a 38-kD antigen, which was recognized by a T- 
cell clone established from newly diagnosed IDDM patients, from the insulin secre- 
tory granule. Recently, these researchers cloned and sequenced a novel murine 
cDNA encoding this antigen, named Imogen 38.^^ We found that the 38-kD antigen 
in BB rats is the only delayed-expressed islet cell autoantigen whose antibody is con- 
sistently found in acutely diabetic DP-BB rats.^* As a result of its delayed expres- 
sion, this 38-kD autoantigen may be considered *nonself,' which may trigger p cell- 
specific autoimmimity. Whether there are any molecular similarities between Imo- 
gen 38 and our delayed-expressed 38-kD islet cell autoantigen remains to be deter- 
mined. Interestingly, we found that CMV induces antibodies directed against the 38- 
kD antigen in humans^^ but in this instance the role of the 38-kD autoantigen re- 
mains to be determined. 

IA-2 Autoantigen (37/40kD Tryptic Fragment). IA-2 is a newly discovered 
member of the protein tyrosine phosphatase (PTP) family and is considered to be one 
of the major autoantigens of IDDM. The IA-2 protein is the precursor to the 37 and/ 
or 4Q-kD islet tryptic fragment. Autoantibodies directed against IA-2 have been 
detected in 70% of IDDM patients. But these autoantibodies are not detected in NOD 
mice or BB rats. The IA-2 autoantigen from a rat p-cell line (RIN5AH) reacts with 
sera from IDDM patients .^^ Antibodies to the IA-2 autoantigen, but not anti-GAD 
antibodies, react with IC As in patients that rapidly developed IDDM.^^ However, the 
precise role of the IA-2 antigen in the pathogenesis of IDDM is imknown. 



ROLE OF MACROPHAGES 

The major populations of cells infiltrating the islets during the early stage of in- 
sulitis in BB rats and NOD mice have been shown to be macrophages and dendritic 
cells. This infiltration precedes invasion of the islets by T lymphocytes, natural 
kiUer (NK) cells, and B lymphocytes. In addition, electron microscopy has revealed 
that most of the single cells present at an early stage of insuhtis in BB rats are mac- 
rophages.^*^ The inactivation of macrophages in NOD mice and BB rats with sihca, 
a substance that is toxic to macrophages, results in the near complete prevention of 
insulitis and diabetes. This result suggests that macrophages play an important role 
in the development of insuhtis and diabetes in these animal models. However, the 
precise role of macrophages in T-cell-ihediated autoimmime diabetes remains un- 
known. 

We first examined whether macrophages are required for the development of the 
effector T cells that destroy p cells. Splenocytes from macrophage-depleted NOD 
mice by liposomal dichloromethylene diphosphonate (lip-Cl2MDP) did not transfer 
diabetes to l>iOT>.scid mice, whereas those from control NOD mice in which mac- 
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rophages were present did, indicating that macrophages are required for the devel- 
opment of P-cell-cytotoxic effector T cells in NOD mice. Our fmher study showed 
that T cells in the macrophage-depleted NOD recipients did not destroy the trans- 
planted NOD islets, indicating that T cells in a macrophage-depleted environment 
lose their abiUty to differentiate into cytotoxic T cells that can destroy pancreatic p 
cells. However, these T cells regained their p-cell cytotoxic potential when re- 
turned to a macrophage-containing environment. 

To learn why T cells in a macrophage-depleted environment lose their ability to 
kill p cells, we examined the islet antigen-specific immtme response and T-cell acti- 
vation in macrophage-depleted NOD mice. There was a shift in the immune balance, 
a decrease in the Thl immune response, and an increase in the Th2 immune response 
due to the reduced expression of the macrophage-derived cytokine interleukin (IL)- 
12. Moreover, there was a deficit in T-cell activation evidenced by significant de- 
creases in the expression of Fas ligand and perforin. The administration of IL-12 
substantially reversed the prevention of diabetes in NOD mice conferred by mac- 
rophage depletion. We conclude that macrophages play an essential role in the de- 
velopment and activation of p-cell-cytotoxic T cells that cause p-cell destruction, 
resulting in autoimmune diabetes in NOD mice. 

In addition, we investigated the role of macrophages in the development and ac- 
tivation of P-cell cytotoxic CD8"^ T cells in T cell-receptor (TCR)- transgenic NOD 
mice by the adoptive transfer of splenic T cells from macrophage-depleted TCR-p 
transgenic NOD mice into NOD.^ctW mice.^** We found that none of the NOD. xcid 
recipients developed diabetes up to 10 weeks after transfer, whereas most of the 
NOD.scid recipients of splenic T cells from age-matched control TCR-p transgenic 
NOD mice became diabetic. When intact NOD islets were transplanted imder the re- 
nal capsiUe of macrophage-depleted 8.3-TCR-p transgenic NOD mice, most of the 
grafted islets remained intact, whereas most of the islets grafted into age-matched, 
control 8.3-TCR-P transgenic NOD mice were destroyed within 3 weeks after trans- 
plantation-. The depletion of macrophages in these mice resulted in a decrease in the 
Thl immune response along with an increase in the Th2 immune response and a de- 
crease in p-cell-specific T-cell activation, as shown by significant decreases in the 
expression of FasL, CD40 hgand (CD40L), and perforin, as compared with control 
mice. As shown in NOD mice, macrophages are absolutely required for the develop- 
ment and activation of p-cell-cytotoxic CDS"*" T cells that cause p-cell destruction, 
which leads to diabetes in 8.3-TCR-P transgenic NOD micc^** 

Although further studies to elucidate the precise mechanism of the involvement 
of macrophages in T-cell activation remain to be performed, our studies have shown 
that IL-12 secreted by macrophages may activate Thl-type CD4'*" T cells, and sub- 
sequently, the IL-2 and interferon (IFN)-Y produced by these activated CD4"*' T cells 
may assist in maximizing the activation of CDS'*" T cells. The downregidation of islet 
ceU-specific T-cell activation may be another major factor contributing to the impair- 
ment of the capability of T cells to kill P cells in macrophage-depleted NOD mice. 

In addition to the role of macrophages in the T-cell-mediated destruction of p 
ceUs, we also examined other factors that maybe involved in the destruction of these 
cells. These include macrophage-derived soluble mediators such as oxygen-free rad- 
icals and other cytokines including IL-ip, tumor necrosis factor (TNF)-a, and IFN- 
j. We found that expression of cytokines IL-1 p, TNF-a, and IFN-y was significantly 



YOON & JUN: INSULIN-DEPENDENT DIABETES MELLITUS 



205 



decreased in macrophage-depletedNOD mice as compared with PBS-treated control 
NOD mice. These cytokines, which are released from activated macrophages, are be- 
lieved to be toxic to p cells The toxic effect produced by activated macrophages 
on p cells is thought to be mediated by the superoxide anion and hydrogen peroxide. 
The p cell is very sensitive to the production of free radicals because islet cells ex- 
hibit very low free radical scavenging activity. Cytokines produced by islet-infiltrat- 
ing macrophages may contribute to p-cell damage by inducing the production of 
oxygen-free radicals in the islets. 



ROLE OF B CELLS 

Converging data suggest that B cells play a critical role as antigen-presenting 
cells (APCs) of P-cell autoantigens in the pathogenesis of autoimmxme diabetes in 
NOD mice. Previously, the function of B cells was analyzed as the production of au- 
toantibodies against p-cell autoantigens, which is considered to be a secondary phe- 
nomenon of p-cell destruction. T lymphocytes from diabetic NOD mice transfer 
diabetes to neonatal recipients in the absence of B cells, indicating that B cells are 
not required for the destruction of p cells after diabetogenic effector T cells are gen- 
erated. However, later studies demonstrated that B cells are critical APCs for the ini- 
tiation of T-ceD-mediated autoimmune diabetes in NOD mice. B -cell-deficient 
NOD mice did not develop diabetes,^^ and the depletion of B cells by anti-M antibody 
treatment completely abrogated the development of insulitis.^^ More recently, it was 
reported that B-cell-specific I-A^^-deficient NOD mice showed peri-insulitis, but 
converted to destructive insulitis after cyclophosphamide (CY) treatment. This result 
suggests that I- A^^-mediated p-cell autoantigen presentation by B cells is critical in 
overcoming a checkpoint in T-cell tolerance to pancreatic p cells after their initial 
targeting has occurred.^^ 



ROLE OF T CELLS 

Substantial evidence from studies using BB rats and NOD mice supports a critical 
role of T cells in the pathogenesis of autoimmime type I diabetes. It has been shown 
that the development of diabetes was prevented by neonatal thymectomy in BB 
rats,^^ and BB rats treated with monoclonal antibodies (OX- 19) directed against the 
antigens expressed on the surface of all T cells do not develop diabetes, indicating 
that T cells play an important role in the destruction of p cells. In addition, lym- 
phocytes from diabetic BB rats transfer the disease to young diabetes-prone BB rats. 

In the NOD mouse model, it is clear that T cells play a critical role in the devel- 
opment of autoimmune diabetes. Athymic NOD mice and NOD, scid mice do not de- 
velop insulitis or diabetes. -^^'^^^ Treatment of NOD mice with anti-CD 3 antibodies 
inhibits the development of diabetes. In addition, most transfer smdies of NOD 
splenic T cells into NOD mice show that the transfer of diabetes requires both CD4*'' 
and CDS'*" T cells.'^*^*^^ Islet cell-specific T-cell clones have been isolated from insu- 
litic lesions and the splenocytes of both prediabetic and diabetic NOD mice. Some 
CD4"^ islet-specific T-cell clones^^ accelerate the development of diabetes in young 
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NOD mice and destroy islet grafts in CDS'*" T-cell-depleted diabetes-resistant mice. 
The BDC2.5/NOD transgenic mouse, which expresses the rearranged T-cell receptor 
(TCR) a and p chain genes of this CD4+ T cell clone (BDC2.5),'*2 exhibits an in- 
creased incidence of diabetes.'^^ 

In addition to CD4'*' T cell involvement in P-cell destruction, experimental evi- 
dence reveals that CD 8*^ T cells' play a role as effector cells in the destruction of P 
cells in the NOD mouse. CDS'^ cytotoxic T cell clones (CTLs), isolated from the is- 
lets of diabetic NOD mice, destroy p cells in vitro and transfer diabetes in vivo with 
the help of CD4+ T cells."*^ Some CDS"^ T cell clones have been shown to destroy P 
cells without the help of CD4"'" T cells. We have cloned a dozen islet-reactive CD4"*' 
and CDS"*" T cells from the lymphocytes infiltrating the pancreatic islets of NOD 
mice."^ All CD4'^ T cells are restricted to MHC class II of NOD, I- AS''. One of our 
CD4"'" T cell clones (NY4.1) responded only to islet cells from NOD mice, indicating 
that the NY4.1 clones recognize the islet antigen with a unique I-A"°^ molecule on 
the islet cell or the intrinsic APCs. The remaining CD4'*' T cell clones showed a pro- 
liferative response to both islet cells and spleen cells from NOD mice, but not from 
other strains of mice including SJL, C3H, C57BL/6, and DBA/2 mice, indicating 
that these clones are I-AS^ reactive T cells (autoreactive T cells). None of these 
CD4"'' T cell clones, either islet-specific or autoreactive, had any cytotoxic effect on 
NOD islet cells in vitro. ^ In contrast, the CDS'*" T cell clones did exhibit cytotoxic 
activity to NOD islets in vitro. Furthermore, the prohferative response and cytotoxic 
activity of some CDS"** T-cell clones was blocked almost completely by anti-MHC 
class I D** monoclonal antibodies and that of other CDS"*" T cell clones was blocked 
by anti-MHC class I K** monoclonal antibodies. These results indicate that CDS"*" T 
ceU clones respond to islet cells with the restriction of MHC class L Electron micro- 
scopic studies revealed that islet-specific CD4"*' T cells attached closely to islet cells 
but did not destroy them in vitro. In contrast, all of the CDS"*" T-cell clones showed a 
cytotoxic effect on the islet cells and the CDS"*" T cells showed pseudopod-hke pro- 
trusions into the p ceUs, but not into a or 5 cells, leading to the selective destruction 
of p cells in vitro. ^ These results suggest that CD4'*" and CDS"*" T cells interact dif- 
ferently with P cells during T-cell-mediated p-cell destrucUon. CD4"*" T cells secrete 
cytokines including IL-2 and IFN-7, which in tiu*n help maximally activate CDS"*" T 
cells. CDS'*" T cells may act as final effector cells directly involved in p-cell destruc- 
tion. As a matter of fact, CDS"*" T cells produce cytokines that may upregulate Fas 
within the islet, and the destruction of p cells could take place both specifically in 
relation to the production of perforin as well as nonspecifically through the Fas/FasL 
interaction. However, both CD4"*" and CDS'*" T cells, by producing inflammatory cy- 
tokines including TNF and BFN-y, can upregulate Fas on the islets. Once Fas is up- 
regtilated on the islets, FasL-expressing CD4"'" Thl cells and CDS'*" T cells may 
induce apoptosis to kill p cells (Rg. 1). 

Among our CD4"'" and CDS'*" T-cell clones, an H-2e'7-restricted CD4"'" T cell clone, 
NY4.1, and an H-2K'*-restricted CDS'*" T-cell clone, NYS.3, were chosen for further 
study. TCR transgenic NOD mice expressing the rearranged TCR-a and/or -p genes 
derived from the diabetogenic CDS'*" T-cell clone^ were established. The TCR-p 
transgenic NOD mice showed a 10-fold increase in the peripheral precursor frequen- 
cy of p-ceU-specific CDS'*" T cells and a selective acceleration of the recruitment of 
CDS'*" T ceUs to the pancreatic islets of prediabetic NOD mice."^^ The TCR-aP trans- 
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FIGURE 1. Schematic representation of the collaboration between macrophages and T 
cells in the destruction of pancreatic p cells, p-cell autoantigens may be released from the 
P cells during spontaneous tximover of p cells. The antigens are then processed by macroph- 
ages and presented to helper T cells in conjunction with MHC class 11 molecules. The acti- 
vated macrophages may secrete IL- 12, which activates Thl type CD4''" T cells (1). The 004**^ 
T cells secrete cytokines such as IFN-y, TNF-a, TNF-p and IL-2. While this process is tak- 
ing place, p-cell~specific precytotoxic T cells may be recruited to the islets. These precy- 
totoxic T cells may be activated by IL-2 and other cytokines released by CD4"'' helper T cells 
to differentiate into CDS'*" effector T cells (2), IFN-y released by helper T cells and cytotoxic 
T cells may cause macrophages to become cytotoxic (3). These cytotoxic macrophages re- 
lease substantial amounts of P cell-toxic cytokines (including IL-lp, TNF-a, and IFN-y) and 
free radicals (H2O2, NO). Cytokines released from macrophages and T cells may induce the 
expression of Fas on pancreatic p cells (4). p cells are destroyed by Fas-mediated apoptosis 
(4) and/or granzyme and cytolysin (perforin), which are toxic to p cells (5). 

genie NOD (8.3-NOD) mice showed a 400-fold increase in the peripheral precursor 
frequency of p-cell-specific CDS"*" T cells and a selective acceleration of the recruit- 
ment of CDS"*" T cells to the pancreatic islets of prediabetic NOD mice.^'' These mice 
showed an earlier onset and more rapid progression of p-cell destruction, resulting 
in acceleration of the onset of diabetes as compared with that in nontransgenic NOD 
mice. In addition, TCR transgenic NOD mice expressing the T-cell receptor {TCR)a 
and TCRp chains of the CD4''" T cell clone, NY4.1, showed an accelerated onset of 
diabetes .'^^ 

Cytokines produced by T cells also play an important role in the pathogenesis of 
autoimmune type 1 diabetes.^** In general, Thl cytokines (IL-2, IFN-y) have been 
shown to be involved in the development of the disease, while Th2 or Th3 cytokines 
(IL-4, IL-10, TGF-p) have been involved in the prevention of the disease. However, 
the role of cytokines in the pathogenesis of autoimmune type 1 diabetes is complex. 
For example, the treatment of NOD mice with anti-IFN-Y prevents the development 
of diabetes and the transgene expression of IFN-y in the P cells of normal mice re- 
sults in the development of type 1 diabetes. However, the genetic absence of IFN-y 
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in NOD mice results in a delay in the development of diabetes, but does not prevent 
it. The systemic administration of IL-4 or EL- 10 prevents type 1 diabetes in NOD 
mice and the transgenic expression of IL-4 on p cells prevents the development of 
diabetes. However, the local expression of IL-10 in the islets accelerates the devel- 
opment of diabetes in NOD mice, and IL-4 knockout NOD mice did not show accel- 
erated disease onset. Therefore, the interactions of the many different cytokines in 
the immime system are complicated and the development of diabetes may depend 
upon which way the finely timed balance of immunoregulatory cytokines is tipped. 

Recently, possible mechanisms for T-cell-mediated p-cell destruction have been 
elucidated. CDS"*" cytotoxic T cells destroy p cells through the perforin and 
granzyme pathway as well as through the Fas/Fas-L interaction. NOD mice lacking 
perforin expression were found to develop insulitis, but not diabetes .^^ Fas-deficient 
NOD mice were found to be free of diabetes and insulitis, and Fas-mediated apop- 
tosis of the p cells was suggested to be the major mechanism for p-cell damage.***'^' 
On the other hand, TNFot/TNFa-receptor-mediated apoptosis may also play a 
greater role in the destruction of p cells by CD4'*" T cells.^^ 



CONCLUSION 

Insulin-dependent diabetes mellitus (IDDM) is an autoimmune disease with a 
multifactorial etiology. Thus, a clear imderstanding of the pathogenic mechanisms 
involved in the etiology of this disease is riot easy. Animal models such as nonobese 
diabetic (NOD) mice and BioBreeding (BB) rats, which spontaneously develop au- 
toimmime diabetes similar to human autoimmune IDDM, have been used to study 
the pathogenic mechanisms of autoimmune IDDM. p-cell autoantigens, macroph- 
ages/dendritic cells, B cells, and T cells play important roles in the development of 
the disease in NOD mice. Among the p-cell autoantigens identified, glutamic acid 
decarboxylase (GAD) and insulin are considered to be the most important autoanti- 
gens in the development of IDDM. However, the role of these autoantigens remains 
to be determined. B cells clearly play a role as antigen-presenting cells, particularly 
of p-cell autoantigens. Macrophages, which infiltrate the islets at the early stage of 
insuhtis, are considered to be primary contributors to the immime environment con- 
ducive for the development and activation of p-cell-cytotoxic T cells. Both CD4**' 
and CDS"*" T cells play a role as final effectors in the destruction of pancreatic p cells. 
Although the animal models studied do not show a diabetic syndrome identical to 
human autoimmune IDDM, the information obtained through studies using these an- 
imal models will be invaluable for understanding the pathogenic mechanisms of hu- 
man IDDM and for the development of strategies for the prevention of the disease. 

ACKNOWLEDGMENTS 

This work was supported by grants from the Medical Research Council of Cana- 
da, the Juvenile Diabetes Foundation International, the Alberta Heritage Foundation 
for Medical Research, and Grant HMP-97-B- 1-002 from the Good Health Research 
and Development Project, Ministry of Health and Welfare, R.O.K. to J.W.Y. J.W.Y. 
is a Heritage Medical Scientist Awardee of the Alberta Heritage Foundation for 



YOON & JUN: INSULIN-DEPENDENT DIABETES MELLITUS 



209 



Medical Research. The authors gratefully acknowledge the editorial assistance of 
K. Clarke and A. Kyle. 



REFERENCES 

1. YooN, J.W. & U.S. JuN. 1998. Insulin-dependent diabetes meUitus, In Encyclopedia of 

Immunology, 2"^ Ed. LM. Riott & P.J, Delves, eds. : 1390-1398. Academic Press, 
London, UK. 

2. BOTTAZZO, G.R, A. Florin- Christensen & D, Doniach. 1974. Islet ceil antibodies in 

diabetes mellitus with autoimmune poiyendocrine deficiency. Lancet 2: 1279-1283. 

3. MacCxhsh, A,C„ W.J, Irvine, E,W. Barnes & L.J. Duncan. 1974. Antibodies to pan- 

creatic islet cells in insulin-dependent diabetes with coexistent autoimmune disease. 
Lancet 2: 1529^1531. 

4. Bach, J.F, 1995, Insulin-dependent diabetes mellitus as a p cells targeted disease of 

immunoregulation, J, AutoimmunoL 8: 439-463. 

5. Baekkeskov, S„ H. Jan-Aanstoot, S. Christgau, et al 1990. Identification of the 

64K autoantigen in insulin-dependent diabetes as the GABA- synthesizing enzyme 
glutamic acid decarboxylase. Nature 347: 151-156. 

6. Faxjlkner- Jones, B.E., D.S. Cram, J. Kun & L.C. Harrison. 1993. Localizafion and 

quantitation of expression of two glutamate decarboxylase genes in pancreatic beta- 
cells and other peripheral tissues of mouse and rat. Endocrinol. 133: 2962-2972. 

7. Kim, J., W, Richter, H.J, AaNSTOOT, et al 1993. Differential expression of GADft5 and 

GAD57 in human, rat, and mouse pancreatic islets. Diabetes 42: 1799-1808. 

8. Kaufman, D., M. Clare-Salzler, J. Ttan, et al 1993, Spontaneous loss of T-cell tol- 

erance to glutamic acid decarboxylase in murine insulin- dependent diabetes. Nature 
366: 69-72. 

9. Elliot, J.F., H.Y. Qin, S. Bhatti, et al 1994. Immunization with the larger isoform of 

mouse glutamic acid decarbo;cylase (GAD67) prevents autoimmune diabetes in NOD 
mice. Diabetes 43: 1494-1499. 

10. ZekzeR, D., F.S. Wong, O, Ayalon, et al 1998. GAD-reactive CD4+ Thl cells induce 

diabetes in NOD/SCID mice. J. Chn. Invest. 101: 68-73. 

11. Chen, S.L., P.J. Whiteley, D.C. Freed, etal 1994. Responses of NOD congenic mice 

to a glutamic acid decarboxylase- derived peptide. J. Autoirmnunol. 7: 635-641. 

12. Geng, L., M. Solimena, R.A. Flavell, et al 1998. Widespread expression of an 

autoantigen GAD65 traasgene does not tolerize non- obese diabetic mice and can 
exacerbate disease. Proc. Natl. Acad. Sci. USA 95: 10055-10060. 

13. Bridgett, M., M. Cetkovic-Cvrlje, R. O'Rourke, et al 1998. Differential protection 

in two transgenic lines of NOD/Lt mice hyperexpressing the autoantigen GAD65 in 
pancreatic beta- cells. Diabetes 47: 1848-1856. 

14. Yoon, J.W, C.S. YoON, H.W LiM, et al 1999. Control of autoimmune diabetes in 

NOD mice by GAD expression or suppression in p ceils. Science 284: 1 1 83-1 187. 

15. Zhang, Z.J., L. Davidsen, G.S. Eisenbarth, et al 1991. Suppression of diabetes in 

non obese diabetic mice by oral administration of porcine insulin. Proc. Natl. Acad. 
Sci. USA 88: 10252-10256. 

16. Wong, F.S. & C.A. JanewaY. 1999. Insulin-dependent diabetes mellitus and its animal 

models. Curr, Opin, Immunol. 11: 643-647. 

17. Daniel, D., R.G, Gill, N. Schloot & D. Wegmann. 1994. Epitope specificity cytok- 

ine production profile and diabetogenic activity of insulin-specitic T cell clones iso- 
lated from the NOD mouse. Eur. J. Immunol. 25: 1056-1062. 

18. Wong, F.S., J. Karttunen, C. Dumont, et al 1999. Identification of an MHC class I- 

restricted autoantigen in type 1 diabetes by screening an organ- specific cDNA 
library. Nat. Med. 5: 1026-1031, 

19. Serreze, D.V., E. Leiter, E.L. Kxjff, et al 1988. Molecular mimicry between insulin 

and retroviral antigen p73. Development of cross-reactive autoantibodies in sera of 
NOD and C57BL/KsJ db/db mice. Diabetes 37: 351-358. 



210 



ANNALS NEW YORK ACADEMY OF SCIENCES 



20. Akden, S.D., B.O, ROEP, RL Neophytou, et al 1996. Imogen 38: a novel 38-kD islet 

mitochondrial autoantigen recognized by T ceils from a newly diagnosed type I dia- 
bedc patient. J. Clin. Invest. 97: 551-561. 

21. Ko, I.Y., S.H. IHM & J.W. YooN. 1991. Studies on autoimmunity for initiation of beta- 

ceil destruction. VIII. Pancreatic beta cell dependent autoantibody to a 38 kilodalton 
protein precedes the clinical onset of diabetes in BB rats. Diabetologia 34: 548-554, 

22. Pak, C.Y., C.Y. Cha, R.V. Rajotte, et al. 1990. Human pancreatic islet cell- specific 

38kD autoantigen identilied by cytomegalovirus -induced monoclonal islet ceil 
autoantibody. Diabetologia 33: 569-572. 

23. Bonifacio, E., V. Lampasona, S. Genovese, et al Identification of protein tyrosine 

phosphatase- like IA-2 (islet cell antigen 512) as the insulin dependent diabetes- 
related 37/40K autoantigen and a target of islet-cell antibodies. J. Immunol. 155: 
5419-5426. 

24. Christie, M.R„ S. Genovese, D, Cassidy, et al. 1994. Antibodies to islet 37k antigen, 

but not to glutamate decarboxylase, discriminate rapid progression to IDDM in endo- 
crine autoimmunity. Diabetes 43: 1254-1259. 

25. YooN, J.W., H.S. JUN &' P.S, Santamaria. 1998. Cellular and molecular mechanisms 

for the initiation and progression of p-cell destruction resulting from the collabora- 
tion between macrophages and T cells. Autoimmunity 27: 109-122. 

26. KoLB, H., G. Kantwerk, U. Treichel, et al 1986. Prospective analysis of islet lesions 

in BB rats. Diabetologia 29 (Suppl, 1): A559. 

27. JuN, H.S., C.S. YooN, L. Zbytnuik, et al. 1999. Role of macrophages in T cell-medi- 

ated autoimmune diabetes in NOD mice, J, Exp. Med. 189: 347-358. 

28. JUN, H.S., P.S. Santamaria, H.W. Lim, et at. 1999. Absolute requirement of macroph- 

ages for the development and activation of P-cell cytotoxic CDS'*" T cells in T-cell 
receptor transgenic NOD mice. Diabetes 48: 34-42. 

29. Mandrup-Poulsen T., K. Bendtcen, C. Dinarello & J. Nerup. 1987. Human tumor- 

necrosis factor potentiates human interleukin 1 -mediated rat pancreatic beta cell- 
cytotoxicity. J. Immunol, 139: 4077-4082. 

30. Appels, B., V. BURKART, M. Kantwerk-Funke, et al. 1989. Spontaneous cytotoxicity 

of macrophages against pancreatic islet cells. J. Immunol. 142: 3803-3808. 

31. Corbett, J.A. & M.L. McDaNIEL, 1992. Does nitric oxide mediate autoimmune 

destruction of p cells? Possible therapeutic interventions in IDDM, Diabetes 41: 
897-903, 

32. Serreze, D.V„ H.D. Chapman, D.S. Varnum, et al. 1996. B lymphocytes are essential 

for the initiation of T cell-mediated autoimmune diabetes: analysis of a new "speed 
congenic" stock of NOD.IgF""^' mice. J. Exp. Med. 184: 2049-2053. 

33. NOORCHASHM, H,, N. NoORCHASHM, J. Kern, et al 1997. B-cells are required for the 

initiation of insulitis and sialitis in nonobese diabetic mice. Diabetes 46: 941-946. 

34. NOORCHASHM, H., Y.K. Lieu, N. Noorchashm, et al 1999. I-Ag7-mediated antigen 

presentation by B lymphocytes is critical in overcoming a checkpoint in T cell toler- 
ance to islet p cells of nonobese diabetic mice. J. Immunol. 163: 743-750, 

35. Like, A.A., E. Kislauskis, R.M. Williams & A. A. Rossini. 1982. Neonatal thymec- 

tomy prevents spontaneous diabetes mellitus in the BBAV rat. Science 216: 644—646. 

36. Like, A.A., C.A. Biron, E,J. Weringer, et al 1986. Prevention of diabetes in Bio- 

breeding/Worcester rats with monoclonal antibodies that recognize T-lymphocytes or 
natural killer cells. J. Exp. Med. 164: 1 145-1 159. 

37. Ogawa, M., T. Maruyama, T. HaSEGawa, et al 1985. The inhibitory effect of neona- 

tal thymectomy on the incidence of insulitis in non- obese diabetes (NOD) mice. 
Biomed. Res. 6: 103-106. 

38. Making, S., M. Harada, Y. Kishimoto & Y. Hayashi. 1986. Absence of insulitis and 

overt diabetes in athymic nude mice with NOD genetic background. Exp. Anim. 35 : 
495-499. 

39. Hayward, A.R. & M. Shreiber. 1989. Neonatal injection of CD3 antibody into non- 

obese diabetic mice reduces the incidence of insulitis and diabetes. J. Immunol. 143: 
1555-1559. 

40. Christianson, S.W., L.D, Shultz & E.H. Leiter. 1993. Adoptive transfer of diabetes 

into immunodeficient NOD-scid/scid mice. Relative contributions of CD4+ and 



YOON & JUN: INSULIN-DEPENDENT DIABETES MELLITUS 



211 



CD8+ T celts from diabetic versus prediabetic NOD.NON-Thy-la donors. Diabetes 
42: 44-55. 

41. Bendelac, a., C. Carnaud, C. Boitard & J.F. Bach. 1987. Syngeneic transfer of 

autoimmune diabetes from diabetic NOD mice to healthy neonates : requirement for 
both L3T4+ and Lyt2+ T cells. J. Exp. Med. 166: 823-832. 

42. HasKINS, K. & M. McDUFFlE. 1990, Acceleration of diabetes in young NOD mice with 

a CD4+ islet- specific T cell clone. Science 249: 1433-1436. 

43. Katz, J,D., B. Wang, K. Raskins, et al 1993. Following a diabetogenic T ceil from 

genesis through pathogenesis. Cell 74: 1089-1100. 

44. Nagata, M, & J.W. YooN. 1992. Studies on autoimmunity for T-cell-mediated p cell 

destruction. Distinct difference in p cell destruction between CD4"*" and CD8"*" T cell 
clones derived from lymphocytes infiltrating the islets of NOD mice. Diabetes 41: 
998-1008. 

45. Wong, S., L Visinttn, L. Wen, et al. 1996. CDS T cell clones from young nonobese 

diabetic (NOD) islets can transfer rapid onset of diabetes in NOD mice in the 
absence of CD4 cells. J, Exp. Med. 183: 67-76. 

46. Verdaguer J., J.W. YoON, N, AveriLL, et al. 1996. Acceleration of diabetes in TCR-p- 

transgenic nonobese diabetic mice by beta cell-cytotoxic T cells expressing endoge- 
nous TCR-a chains. J, Immunol. 157: 4726-4735. 

47. Verdaguer, J., D. Schmidt, A. AmranI, et al 1997. Spontaneous autoimmune diabe- 

tes in monoclonal T cell nonobese diabetic mice. J. Exp. Med. 186: 1663-1676, 

48. RabINOVITCH, A. 1998. An update on cytokines in the pathogenesis of insulin- depen- 

dent diabetes mellitus. Diabetes Metab, Rev. 14:129-151. 
49- Kagi, D., B. Odermatt, R Seiler, et al 1997. Reduced incidence and delayed onset of 
diabetes in perforin-deficient nonobese diabetic mice. J. Exp. Med. 186: 989-997, 

50. ITOH, N., A. Imagawa, T. HaNaFUSA, et al 1997. Requirement of Fas for the develop- 

ment of autoimmune diabetes in nonobese diabetic mice. J, Exp, Med, 186: 613-618. 

51. Su, X. O. Hu, J. M. Kristan, et al 2000. Significant role for fas in the pathogenesis 

of autoimmune diabetes. J. Immunol. 164: 2523-2532. 

52. KURRER, M.O., S.V, Pakala, H.L. Hanson & J.D. Katz. 1997. Beta cell apoptosis in T 

cell-mediated autoinunune diabetes, Proc, Natl. Acad, Sci. USA 94: 213-218. 



